ABSTRACT Amulet C-L (cue-lure) and Amulet ME (methyl eugenol) molded paper Þber "attractand-kill" dispensers containing Þpronil were tested under Hawaiian weather conditions against Bactrocera cucurbitae (Coquillett) (melon ßy) and Bactrocera dorsalis (Hendel) (oriental fruit ßy), respectively. In paired tests (fresh versus weathered), C-L dispensers were effective for at least 77 d, whereas ME dispensers were effective for at least 21 d. Thus, C-L dispensers exceeded, whereas ME dispensers did not meet the label interval replacement recommendation of 60 d. Addition of 4 ml of ME to 56-d-old ME dispensers restored attraction and kill for an additional 21 d. This result suggested the Þpronil added at manufacture was still effective. By enclosing and weathering ME dispensers inside small plastic bucket traps, longevity of ME dispensers was extended up to 56 d. Fipronil ME and C-L dispensers also were compared, inside bucket traps, to other toxicants: spinosad, naled, DDVP, malathion, and permethrin. Against B. dorsalis, Þpronil ME dispensers compared favorably only up to 3 wk. Against B. cucurbitae, Þpronil C-L dispensers compared favorably for at least 15 wk. Our results suggest that Þpronil C-L dispensers can potentially be used in Hawaii; however, Þpronil ME dispensers need to be modiÞed or protected from the effects of weathering to extend longevity and meet label speciÞcations. Nonetheless, Amulet C-L and ME dispensers are novel prepackaged formulations containing C-L or ME and Þpronil that are more convenient and safer to handle than current liquid insecticide formulations used for areawide suppression of B. dorsalis and B. cucurbitae in Hawaii.
FIPRONIL IS A PHENYLPYRAZOLE insecticide that kills by contact or ingestion. It blocks the ␥-aminobutyric acid (GABA)-regulated chloride channels of neurons in the central nervous system, causing overexcitation of the nervous system, and seizures (Cole et al. 1993) . It is currently registered in Ͼ60 countries for a variety of insect pests attacking Ͼ50 crops, and in animal health, structural, and commercial turf pest control (Aventis 1996) . Fipronil is marketed as Regent for control of lepidopterous and orthopterous pests on a broad range of Þeld and horticulture crops and coleopterous larvae in the soil; Combat and Over and Out for cockroaches and ants; Chipco Choice for Þeld corn, golf course, and commercial turf pest control; Termidor for termites; and Frontline and Top Spot for ßeas, ticks, and mites on domestic animals. It has been incorporated into cue-lure (Amulet C-L) and methyl eugenol (Amulet ME) molded paper stations and a protein bait (Amulet gel) for tephritid ßy control in the PaciÞc region.
Bactrocera dorsalis (Hendel) (oriental fruit ßy) and Bactrocera cucurbitae (Coquillett) (melon ßy) are major fruit ßy pest species in Hawaii with 173 and 125 host plant species recorded, respectively (Metcalf and Metcalf 1992) . Bactrocera is a tephritid ßy genus of at least 440 species distributed primarily in tropical Asia, the South PaciÞc, and Australia (White and ElsonHarris 1992) . Methyl eugenol (ME) (4-allyl-1, 2-dimethoxybenzene-carboxylate) and cue-lure (C-L) [4-(p-acetoxyphenyl)-2-butanone] are highly attractive male lures to B. dorsalis and B. cucurbitae, respectively (Metcalf and Metcalf 1992) . Cue-lure has not been isolated as a natural product, but it is rapidly hydrolyzed to form raspberry ketone (Metcalf and Metcalf 1992) . At least 90% of the Dacinae species (comprised of the two major genera Bactrocera Macquart and Dacus F.) are strongly attracted to either ME or to C-L/raspberry ketone (Hardy 1979) . For example, at least 176 species of the male Dacinae are attracted to C-L/raspberry ketone and 58 species to ME (Metcalf 1990) . Of the 73 Bactrocera and Dacus species that are agricultural pests, 41 respond to C-L/ raspberry ketone, 22 to ME, and 10 to neither (White and Elson-Harris 1992) .
Eradication of B. dorsalis from Rota (Steiner et al. l965) , Saipan (Steiner et al. 1970) , and Okinawa (Koyama et al. 1984) , and Bactrocera papayae (Drew), papaya fruit ßy, from Australia (Lloyd et al. 1998) was achieved through areawide application of the male lure ME (ϩ toxicant). This approach is commonly referred to as the male annihilation technique (MAT). Similarly, C-L (ϩ naled) was used to reduce a B. cucurbitae population by 99% throughout a 5.2-km 2 (2-mi 2 ) plot for over 7 mo in Hawaii (Cunningham and Steiner l972). More recently, B. dorsalis, the ME-attracted Bactrocera xanthodes (Broun), and B. cucurbitae were eradicated from Nauru Island by using MAT and protein bait sprays (Allwood et al. 2002) .
As part of a program to promote areawide integrated pest management methods in Hawaii for fruit ßy suppression and to reduce the use of organophosphate insecticides (Vargas et al. 2003a ), attract-andkill devices without organophosphate insecticides have been sought. In Hawaii, Vargas et al. (2003b) examined spinosad bucket traps. In Nauru and French Polynesia, Allwood et al. (2002) tested Þpronil against B. dorsalis, B. cucurbitae, and B. xanthodes, as a substitute for malathion. Barry et al. (2004) tested Þpronil in an attract-and-kill system for control of Rhagoletis mendax Curran, blueberry maggot. However, Þpronil has not been tested or registered for control of Bactrocera fruit ßies in the United States. The objective of the current study was to test performance of C-L and ME stations with Þpronil under Hawaiian climatic conditions to attract and kill B. cucurbitae and B. dorsalis ßies.
Materials and Methods
Effects of Weather on Fipronil C-L and ME Dispensers. One hundred and twenty Þve Amulet C-L and Amulet ME (BASF, Venture Exports Limited, Auckland, New Zealand) dispensers (molded paper Þber blocks 58 by 36 by 5 mm in thickness with a 4-mm-diameter hole for a 125-mm-long plastic twist tie) (Fig. 1) were hung by a twist tie from two horizontal ropes (for C-L and ME) stretched between branches of a lychee, Litchi chinensis Sonn., tree at the University of Hawaii Experiment Station, Kapaa, Kauai Island, HI. Cue-lure dispensers were saturated at manufacture with a 4.5-ml proprietary premix formulation of C-L (0.5 ml [AI] ) and Þpronil (24 mg [AI] ). Methyl eugenol stations were saturated at manufacture with a 4.5-ml proprietary premix formulation of ME (4 ml [AI] ) and Þpronil (24 mg [AI]). One hundred stations were prepackaged in a foil bag. Stations were exposed to daily temperature ßuctuation, wind, and rain, but they were protected from direct sunlight by the tree foliage. Mean (ϮSEM) daily temperature and rainfall for the weathering site were 25.0 Ϯ 0.22ЊC and 0.28 Ϯ 0.08 cm, for trial 1 and 21.8 Ϯ 0.23ЊC and 0.03 Ϯ 0.01 cm, for trial 2, respectively. At 1-wk intervals, Þve C-L or Þve ME stations were removed at random from the "exposure line," placed inside plastic bags and transported to the Þeld trial site. Likewise, to provide a reference standard for efÞcacy of weathered stations, a fresh C-L or ME dispenser was (Vargas et al. 1989 (Vargas et al. , 1990 . Five pairs of Steiner traps (Steiner 1955) baited with fresh and weathered dispensers (7, 14, 21, 28, 35, 42, 49, 56, 63, 70, 77, and 84 d) were placed on metal stakes 1 m above the ground and spaced 30 m apart near patches of bitter melon under kiawe, Prosopis pallida (Humb. & Bonpl. ex Willd.) Kunth, and koa haole, Leucaena leucocephala (Lam.) de Wit, trees. Fruit ßies were removed 1 wk later and counted.
For ME dispensers, Þve pairs of plastic fruit ßy bucket traps baited with fresh and weathered (7, 14, 21, 28, 35, 42, 49, 56 , and 63 d) dispensers were hung for 7 d in shaded locations in the lower branches of trees in guava, Psidium guajava L., orchards at Guava Kai Orchards, Kilauea, HI. Fruit ßy bucket traps were fabricated from plastic containers (Highland Plastic no. 36, 1-liter containers, 3.5-cm radius, 15 cm in height, with four 3-cm-diameter holes) (Vargas et al. 2003b ). Traps were arranged in two rows and separated by 30 Ð 40 m on all sides within the orchard. Mean (ϮSEM) daily temperature and rainfall were 24.46 Ϯ 0.18ЊC and 0.25 Ϯ 0.04 cm for trial 1 and 22.1 Ϯ 0.22ЊC and 0.44 Ϯ 0.18 cm for trial 2, respectively. The study area and population dynamics of B. dorsalis on Kauai Island and at Kilauea are described in Vargas et al. (1983 Vargas et al. ( , 1989 Vargas et al. ( , 1990 . After determining that weathered ME dispensers stopped capturing ßies after 5 wk, 4 ml of ME was added to each weathered dispenser (56 d) in trial 2. Sampling and bioassays were continued. In a subsequent trial, ME stations were enclosed and weathered inside the bucket traps (Vargas et al. 2003b ). Traps were sampled and bioassayed as described for trial 1 from 26 August 2003 to 10 January 2004.
By comparing mean number of ßies captured inside traps baited with either weathered or fresh stations on successive weeks, the relative attract-and-kill efÞcacy of the ME or C-L stations was determined. Methyl eugenol and C-L trap data for B. dorsalis and B. cucurbitae captures (mean number of ßies per trap per week) were subjected to analysis of variance (ANOVA) (PROC GLM), and means were separated with a least signiÞcant difference (LSD) test at the P ϭ 0.05 level (SAS Institute 1999) .
Comparison of ME and C-L Dispensers with Fipronil and Other Toxicants. Plastic bucket traps were described previously for B. dorsalis studies. Each trap contained a cotton wick (3.8 cm in length by 1.9 cm in diameter) baited with a 10-ml solution of ME and 5% (AI) (vol:vol) of one of the following liquid insecticides: naled (Dibrom Concentrate, Valent USA Corp., Walnut Creek, CA), malathion (Prozap, Malathion 57 EC, Loveland Industries Inc., Greeley, CO), spinosad (Success, Dow AgroSciences, Indianapolis, IN), or permethrin (Ambush Insecticide, Zeneca Inc., Wilmington, DE). DDVP traps were constructed by placing a 2-g cube of DDVP (Revenge Bug Strip, 18.6% 2,2-dichlorovinyl dimethyl phosphate, Roxide International, Inc., New Rochelle, NY) inside a small 12-ml plastic basket (AgriSense, Palo Alto, CA), and placing the basket inside a bucket trap with a wick containing 10 ml of ME. In Hawaii, naled, malathion, and DDVP are the most commonly used insecticides in bucket traps for fruit ßy monitoring and MAT (Vargas et al. 2003b ) and served as standards for comparison of Þpronil. A Þpronil ME dispenser was placed inside a trap for comparison. Traps with different killing agents were placed (20 m apart) within a row of guava trees For the statistical analysis, data for B. dorsalis or B. cucurbitae captures (mean number of ßies per trap per week) were transformed to ln (x ϩ 1) to stabilize the variance and then subjected to ANOVA (PROC GLM). Means were separated by a TukeyÕs studentized range (honestly signiÞcant difference, HSD) test at the P ϭ 0.05 level (SAS Institute 1999).
Results
Comparison of Weathered and Fresh C-L and ME Dispensers. B. cucurbitae captures for weathered C-L dispensers were not signiÞcantly different (P Ͼ 0.05) than those for fresh dispensers for at least 91 d in trial 1 and 77 d in trial 2 (Fig. 2) . B. dorsalis captures for weathered ME dispensers were not signiÞcantly different (P Ͼ 0.05) than fresh dispensers up to 42 d during trial 1 and 21 d during trial 2 (Fig. 3) .
Extension of Fipronil ME Dispenser Longevity. After addition of 4 ml of methyl eugenol on day 56 to weathered dispensers, B. dorsalis captures for weathered Amulet ME dispensers were not signiÞ-cantly less (P Ͼ 0.05) than those for fresh dispensers for an additional 21 d, indicating attraction was restored and the Þpronil in the dispensers was still effective as a killing agent. By enclosing and weathering ME dispensers inside bucket traps, captures for weathered ME dispensers were not signiÞcantly less (P Ͼ 0.05) or signiÞcantly higher (P Ͻ 0.05), for weeks 28, 35, and 42, than those for fresh dispensers up to 56 d (Fig. 4) .
Performance of Toxicants in ME and C-L Bucket
Traps. In the ME trials, captures of B. dorsalis differed signiÞcantly with insecticide (week ϫ insecticide ([trial] , F ϭ 3.79; df ϭ 152, 456; P Ͻ 0.0001). In trial 1, captures of B. dorsalis with Þpronil ME dispensers inside bucket traps were greatly reduced after 3 wk. In trial 2, captures of B. dorsalis with Þpronil ME dispensers inside bucket traps were greatly reduced after 5 wk. Maximum 5% HSDs associated with the plots by insecticide and within weeks are summarized in Fig. 5 .
In the C-L trials, captures of B. cucurbitae differed signiÞcantly with insecticide (week ϫ insecticide [trial], F ϭ 1.95; df ϭ 152, 432; P Ͻ 0.0001). During trial 1, captures of B. cucurbitae, with Þpronil C-L stations inside bucket traps compared favorably with those for cotton wick dispensers baited with C-L and spinosad, naled, DDVP, or malathion. During trial 2, after week 12, there was a noticeable decline in captures with Þpronil compared with other insecticides with significant (P Ͻ 0.05) differences at week 15 and 18. Maximum 5% HSDs associated with the plots by insecticide and within weeks are summarized in Fig. 6 .
Discussion
Male annihilation technique dispensers commonly used throughout the PaciÞc include Þberboard blocks, Min-U-Gel, and cotton wicks (Vargas et al. 2000) . The most popular insecticides used in Hawaii include naled, malathion, and DDVP (Vargas et al. 2003b ).
Fiberboard blocks impregnated with ME and various insecticides have been used successfully for Ͼ40 yr (Steiner et al. 1965 (Steiner et al. , 1970 Cunningham and Steiner 1972; Cunningham and Suda 1986; Lloyd et al. 1998) . Lloyd et al. (1998) found that ME and malathion (maldison) efÞcacy with Þberboard blocks followed an exponential curve over 52 wk. After 8 wk of exposure to weather, efÞcacy of blocks was reduced by 50% in comparison with a new block and the ME content was reduced by 73%. Malathion content of blocks did not change over 28 wk, with a small loss over 52 wk. Min-U-Gel was developed for spot application programs in California and Florida for eradication of B. dorsalis (Chambers et al. 1974; Cunningham and Suda 1985) . However, Min-U-Gel and other thickened for- mulations when weathered in habitats with warm temperatures and high rainfall are not long-lived (Cunningham and Suda 1985; Cunningham et al. 1975a, b) , often lasting Ͻ2 wk (Vargas et al. 2000) . Bucket traps with cotton wicks have been researched and developed by Vargas et al. (2000) for B. dorsalis and B. cucurbitae. They found that enclosing wicks inside bucket traps not only provided protection from the weather but also made the device visible, retrievable, and reusable with limited environmental contamination and exposure to humans and pets. Bucket traps with cotton dispensers containing ME or C-L and naled, malathion, or DDVP proved effective against B. dorsalis or B. cucurbitae for Ͼ20 wk without replacement of the lure or toxicant (Vargas et al. 2003b) . Although not as persistent as naled or malathion, spinosad, a reduced risk insecticide, would be safer to handle and a more environmentally friendly substitute for organophosphate insecticides in ME and C-L traps for use in B. dorsalis and B. cucurbitae areawide IPM programs in Hawaii (Vargas et al. 2003b) .
In the present trials with molded paper Þber dispensers containing ME or C-L with Þpronil, results from paired tests (fresh versus weathered dispensers) under typical Hawaiian weather conditions, indicate Amulet C-L dispensers are effective for at least 77 d, whereas Amulet ME dispensers are effective for at least 21 d. Thus, Amulet C-L dispensers exceeded, whereas Amulet ME dispensers did not meet label interval replacement recommendations of 60 d. Amulet ME performance under Hawaiian conditions was similar to that of Min-U-Gel (Vargas et al. 2000) . Enclosing dispensers inside small plastic bucket traps extended attraction and kill of Amulet ME up to the label replacement interval. In the current study, captures in bucket traps baited with naled, malathion, DDVP, or spinosad were similar to those reported in a previous study with these insecticides (Vargas et al. 2003 ) and served as a rigorous standard for evaluation of Þpronil under typical weather conditions in Hawaii. In ME bucket trap insecticide trials, Amulet ME dispensers were signiÞcantly less attractive after only 3Ð5 wk. With Amulet C-L dispensers, attraction and kill was generally comparable with bucket traps with organophosphate insecticides or spinosad for the recommended replacement interval of 60 d. This was unexpected, because Amulet C-L dispensers contained only 0.5 ml of cue-lure compared with Ϸ8Ð 10 ml for the other insecticide treatments. Such was not the case with Amulet ME dispensers, whereby dispensers contained 4 ml of ME, whereas the other treatments contained Ϸ8 Ð10 ml of ME. Either different dispensers need to be developed or improved extenders added to the present Amulet ME dispensers. Nonetheless, the Þpronil in each station was active for 60 d or more. Enclosing Amulet ME dispensers inside small plastic traps, extended attraction and kill up to the label replacement interval recommendation
In 1999, a USDAÐARS Areawide Pest Management (AWPM) program in Hawaii was funded for suppression of fruit ßies , Vargas et al. 2003a . A special local needs registration was obtained for deployment of bucket traps with ME or C-L and naled insecticide as part of the male annihilation component of the IPM program. Implementation of DDVP (Vapor Tape, Hercon Environmental, Emigsville, PA) strips in place of liquid naled has been an improvement from a worker safety viewpoint. Nonetheless, because a major objective of the program has been to reduce the use of organophosphate insecticides, substitution of spinosad (Vargas et al. 2003b ) for DDVP would be one option. Another option would be deployment of Amulet C-L and ME dispensers. These devices are unique in that they offer a commercial prepackaged MAT dispenser that contains both a lure and an insecticide for fruit ßy control by farmers and home gardeners. These dispensers have been marketed in PaciÞc nation countries for as little as $0.35 U.S. per dispenser. Amulet C-L dispensers are currently being registered for Bactrocera tryoni (Froggatt) control in Australia. Recently there has been interest in Hawaii for permanent registration of ME and C-L end products that contain both a kairomone lure and an insecticide, such as Amulet ME and C-L dispensers, for use on nonfood plants to promote sustainability of the AWPM program that recommends an IPM program of sanitation, GF-120 Fruit Fly Bait (Prokopy et al. 2003) , and MAT bucket traps for fruit ßy management (Vargas et al. 2003a ). The Amulet stations will be further tested during the AWPM program.
In summary, our results suggest that Þpronil is a promising substitute for organophosphate insecticides in MAT bucket traps baited with ME and C-L for control of B. dorsalis and B. cucurbitae, respectively, in Hawaii and will be tested further in an AWPM pro- gram. Of particular concern in this AWPM program has been the use of naled and DDVP products in residential areas. Amulet ME or C-L stations could be deployed in these environmentally sensitive areas as an organophosphate alternative; however, Amulet ME traps would have to be recharged more often than those with DDVP, naled, or malathion and would therefore cost more. Male annihilation technique approaches should be included with environmentally friendly bait spray treatments such as the spinosad based GF-120 Fruit Fly Bait. The development of IPM approaches that include the use of both protein bait sprays and MAT dispensers without organophosphates would have important applications to suppression of fruit ßies not only in Hawaii but also throughout the southern and western PaciÞc, Australia, and tropical Asia where Bactrocera are serious economic pests. Finally, the development of environmentally friendly areawide IPM procedures would have important applications to eradication of accidental introductions of fruit ßies into the U.S. mainland. 
